Abstract ALMA is now fully operational, and has been observing in early science mode since 2011. The millimetric (mm) and sub-mm domain is ideal to tackle galaxies at high redshift, since the emission peak of the dust at 100µm is shifted in the ALMA bands (0.3mm to 1mm) for z=2 to 9, and the CO lines, stronger at the high-J levels of the ladder, are found all over the 0.3-3mm range. Pointed surveys and blind deep fields have been observed, and the wealth of data collected reveal a drop at high redshifts (z > 6) of dusty massive objects, although surprisingly active and gas-rich objects have been unveiled through gravitational lensing. The window of the reionization epoch is now wide open, and ALMA has detected galaxies at z=8-9 mainly in continuum, [CII] and [OIII] lines. Galaxies have a gas fraction increasing steeply with redshift, as (1+z) 2 , while their star formation efficiency increases also but more slightly, as (1+z) 0.6 to (1+z) 1 . Individual object studies have revealed luminous quasars, with black hole masses much higher than expected, clumpy galaxies with resolved star formation rate compatible with the KennicuttSchmidt relation, extended cold and dense gas in a circumgalactic medium, corresponding to Lyman-α blobs, and proto-clusters, traced by their brightest central galaxies.
Introduction
The recent years have seen a breakthrough in the domain of high redshift galaxies, and in particular in the knowledge of their molecular gas and their F. Combes Observatoire de Paris, LERMA, Collège de France, CNRS, PSL Univ., Sorbonne University, UPMC, Paris, France Tel.: +33-1-40512077 Fax: +33-1-40512002 E-mail: francoise.combes@obspm.fr star formation with ALMA. While the uv/optical/infrared domains give information on the star formation density, and its evolution in the Universe (e.g. Madau and Dickinson, 2014) , the efficiency of star formation requires knowledge of the gas content. Molecular gas is the fuel of star formation, and its observation is necessary to understand galaxy formation.
ALMA with its 66 dishes (54 antennae of 12m and 12 antennae of 7m, located in a unique high and dry site, has increased the power of previous (before 2010) millimetric arrays by an order of magnitude. Baselines from 20m to 16km, at wavelengths between 3mm and 0.3mm, provide spatial resolutions up to 15mas. The large bandwidth of 7.5 GHz/polar ensures a high sensitivity for continuum observations, and allows to search and determine redshifts. ALMA is well adapted for deep fields, but not for big surveys, the field of view is from 1 arcmin (at 3mm) to 6 arcsec (at 0.3mm). Mapping small regions with mosaics is very efficient.
The main advantage for high redshift galaxies is that the peak of dust emission usually around 100 microns, for star forming objects, is redshifted to the submm and mm domain. This produces a negative K-correction, i.e. continuum emission from dust is as easy to detect at z=10 than at z=1 (e.g. Blain et al, 2002) . Already in the pre-ALMA era, it was possible to detect hundreds of high-z galaxies with L(IR) > 10 12 L , up to z=6 (e.g. Omont, 2007) . The large derived dust masses of ∼10 8 M , mean that dust forms early in the universe. These sub-millimeter galaxies (SMG) contribute significantly to the sub millimetre background, their redshift distribution peaks at z=2-3 (Chapman et al, 2005) .
For the CO lines, there is in general no negative K-correction; there is only a possible increase as the frequency square of the CO flux in the first transitions of the ladder (low J), when the gas is dense enough to be thermalized (e.g. Combes et al, 1999) . Distant galaxies have started to be explored in molecular lines in 1992, with lensed objects (Brown and Vanden Bout, 1992; Downes et al, 1995) , and line detections followed at a high rate, about 50 objects up to z=6.4 with the quasar J1148+5251 (? Cox, 2005; Maiolino et al, 2005) .
With ALMA, it is now possible to detect CO lines in a large amount of highz galaxies, even not amplified by gravitational lensing. It is possible to discover obscured objects in deep fields, from their dust emission, and search for their redshift, when it is not possible in the optical domain. For z>6 galaxies, the high-J CO lines (J>7) are observed at low frequencies (3mm) with a field of view of 1 arcmin, and a bandwidth of 2x 8GHz ∼ 16%, or 50 000km/s. At z=6, the spacing between the various CO lines of the rotational ladder is of 16 GHz, so that the redshift may be obtained with 2 tunings only.
This review highlights the main results of ALMA observations of distant galaxies, from the dust emission to molecular lines. The CO are the most usual gas tracers, but at very high z, the [CII] and CI lines bring important information, in a domain where the CO lines are not or little excited. Dense gas tracers (HCN, HCO + , CS, etc) and isotopes, bring complementary knowledge on gas properties, and are frequently observed simultaneously, thanks to the wide bandwidth of ALMA.
The review emphasizes only the recent results since the previous reviews in the domain, pre-or post-starting of ALMA Solomon and Vanden Bout (2005) ; Carilli and Walter (2013) .
2 The CO lines as tracer of the molecular gas
The main H 2 molecule is symmetric and has no dipolar transition. At the low temperature of the interstellar medium (∼ 20K), the quadrupolar transitions are not excited, and moreover they have a very weak Einstein coefficient. The main tracer of the molecular gas is then the CO molecule (with solar abundance of CO/H 2 ∼ 10 −4 ), tracing the bulk of the gas, with a critical density of the order of 10 3 -10 4 cm −3 for the lowest levels. Other molecules with a higher critical density (more than 2 orders of magnitude higher), like HCN, HCO + or CS are used as high density tracers. Their intensity is usually 10-30 times lower.
Emission lines
At high redshift, the large advantage of the CO tracer is the high probability to find any line J from the rotational ladder, since the ladder spacing decreases as (1+z) −1 ; and when the gas is excited, the line strength of the J levels increases almost as the square of the frequency. There are good reasons to expect higher density molecular gas in high-z galaxies (they are more gas rich, and their volumic density is higher), such that higher excitation is the norm. This situation favors the detection of molecular gas at high-z, while the atomic gas has large difficulties with the unique 21cm line.
The distribution of radiating energy among the various J-lines of the CO ladder called the SLED (Spectral Line Energy Distribution), is a very useful diagnostic of the physics of the emitting interstellar medium (ISM), in particular its density and temperature. It has been shown that the CO SLED can distinguish between quiescent Milky Way-like galaxies, where the emission is peaking at J=3, and dense and warm starbursts, where the peak is up to J=8 (Weiß et al, 2007) . These excitations come from star formation processes (PDR, or photo-dissociation regions), but near AGN, higher excitation is possible, in particular through hard X-rays (XDR, or X-ray dominated regions) . In some cases of very concentrated starbursts, the dust opacity could also perturb the SLED .
At high redshift, galaxies have a higher gas fraction (e.g. ? Tacconi et al, 2010) . The gas fraction can be defined by the gas to stellar mass ratio, or the gas to baryonic mass ratio. Not only the gas is more abundant, but it is also denser, and star formation rates are higher in average. It is therefore expected that the CO lines are more excited, favoring the detection of the molecular gas. There is also the possibility of radiative excitation from the cosmic background, which temperature varies in (1+z), reaching ∼ 30K at z=9. It is not obvious that this excitation helps the detection, since the detected signal is only the excess above the background. This has been simulated, and indeed, there is no negative K-correction for the CO lines, contrary to the dust continuum emission, (e.g. Combes et al, 1999; da Cunha et al, 2013) .
The derivation of the molecular content from the CO lines relies on the CO-to-H 2 conversion factor, well calibrated at low redshift, and in particular in the Milky Way: clouds are then detected individually, and their virial masses estimated. The conversion factor has a robust statistical value, when averaged over a large cloud population, with a wide range of masses and densities. The factor depends however strongly on gas metallicity (e.g. Bolatto et al, 2013) . It is possible to quantify the fraction of diffuse and clumpy components, with high density tracers such as HCO + , HCN, allowing to refine the conversion factor. For example Oteo et al (2017) have shown with ALMA that the excitation of HCO + , HCN and HNC in two lensed dusty starbursts at z∼ 2 is very similar to what is already known in local IR-bright galaxies. Due to the virial hypothesis, the conversion factor is thought to vary as the square root of the H 2 volumic density, divided by the brightness temperature of the clouds, ∝ n(H 2 )
1/2 /T B . In local starbursts, both the cloud brightness and their density increases, which limits the variation of the ratio (e.g. Leroy et al, 2011) . The metallicity is however a serious problem, since it is thought to decrease with redshift. Using one of the first large surveys of star forming galaxies at z>1, Genzel et al (2012) have estimated the variation of the conversion factor with metallicity (see Figure 1 ).
Absorption lines
A complementary way to probe the interstellar medium of high redshift galaxies is from absorption lines in front of a strong millimeter continuum source. These molecular lines can provide information on the chemistry and its evolution with z, and also the physical conditions of the gas (density, temperature). The lines may be very narrow (< 1km/s) and useful to constrain the variations of fundamental constants. The absorbing systems before ALMA were only 4-5 (e.g. Combes, 2008) . With ALMA, it was possible to carry on a molecular survey towards the system PKS1830-211, corresponding to two gravitational images and an Einstein ring in the absorbing foreground lens (Muller et al, 2014) . In particular, isotopes of the chloronium were detected, and OH + , H 2 O + have allowed to measure the molecular gas fraction and the ionization rate of the gas, in several lines of sight (Muller et al, 2016) . With ALMA, new molecular lines are detected in z=0.5-1 absorbers (e.g. Wiklind et al, 2018) , but also a large number in more local radio sources (David et al, 2014; Tremblay et al, 2016) , where the absorptions are determinant to disentangle inflows from outflows. Fig. 1 The derived conversion factor between the CO(1-0) luminosity and the molecular gas mass, α CO as a function of metallicity in the gas phase. The molecular gas mass is computed independently of the CO luminosity from the SFR and the Kennicutt-Schmidt (KS) relation, with a slope n=1.1. The gray circles are for local galaxies (Leroy et al, 2011 ). The gas metallicity for high-z blue-symbol galaxies have been obtained from the [NII]/Hα flux ratio, converted to oxygen abundance scale from Denicoló et al (2002) and Maiolino et al (2008) . The red symbols are galaxies where metallicity is derived from the total stellar mass. Image reproduced with permission from Genzel et al (2012) , copyright by AAS.
3 Dust emission as a molecular gas tracer
Although the CO molecule is arguably the best tracer of the H 2 content of a galaxy, it is paramount to gather results from several tracers, to inter-compare them, and avoid some of the main biases of any given diagnostic. At high redshift, this is even more required, since the CO lines observed are from a high J-level, and several CO lines are needed to derive the gas excitation, and estimate the CO(1-0) intensity calibrated in terms of H 2 mass. The main alternate tracer is the dust continuum emission in the Rayleigh Jeans domain (i.e. close to the CO(4-3) to CO(7-6) if excited), where the dust emission is linear in both temperature and column density. The assumed dust-to-gas ratio will account for metallicity effect. Other tracers at very high z are fine structure line emission such as the [CII] at 158µm, or the [OIII] at 88µm, with some specificity as gas tracers, as will be developed in Section 6. Casey et al (2014) have written a detailed review of far-infrared and submillimeter survey of high redshift galaxies with dust emission. Although the temperature of the dust heated by star formation in molecular clouds, is expected in average of the order of 20-40K, in some cases, nuclear starbursts or AGN, the dust can peak at 60K. This produces large uncertainties in the detection rates of continuum surveys, since their success rate depends in the SED distribution of the sources. Scoville et al (2014 Scoville et al ( , 2016 have proposed that the Rayleigh-Jeans tail of the dust emission spectrum, peaking around 100µm, acts as a good tracer of the gas content of galaxies: the Rayleigh-Jeans regime ( λ >> 100 µm) means that the dust temperature is involved only linearly, and does not introduce too much uncertainty. Of course the dust abundance is also proportional to metallicity, so the conversion factor between the dust emission and gas mass, through the dust-to-gas ratio, is as incertain as the CO method. However, the detection of the dust continuum might be easier than the line, and does not require specific tunings. In compensation, there is more confusion and no redshift or kinematical information on the detected objects. While it is relatively easy to detect actively star forming galaxies and starbursts, main sequence objects at relatively low redshifts are more difficult to detect in dust continuum than in the CO lines, given the non-linear L F IR -L CO scaling relation. For instance, in a sample of normal star-forming galaxies of the COSMOS field at z∼ 3, about half of the galaxies are detected in continuum with ALMA, and the rest of the undetected sources have to be stacked (Schinnerer et al, 2016) . Besides, the CO line observation provides more very useful information as the dynamical mass, and gas excitation.
Another difference between dust and CO tracers, is that the former traces both atomic and molecular gas. A calibration experiment has shown however that at low and high redshift the two main tracers of the molecular/interstellar gas agree very well, see Figure 2 .
Galaxy surveys at high redshift
Although ALMA is not a large survey facility, it is of critical importance to gather the properties (gas content and excitation, star formation rate, etc.) of a large number of objects, to gain a statistical significance, and to be able to split the samples in several categories, to explore the influence of parameters. Essential in the value of surveys are the selection criteria, for them to be representative even if flux-limited. Surveys have been done with carefully chosen criteria from multi-wavelength studies: these are pointed surveys when sources are already well-known (position, z, stellar mass, SFR). Another type of surveys is the deep field method, unbiased, but sometimes less successful, according to the choice of sensitivity required (shallow, deep), and the choice of tuning (continuum, lines, etc.) . Blind surveys have however the immense Fig. 2 Comparison between the dust continuum and CO line tracers of the interstellar gas. The left panel compares the 850µm and CO luminosities for normal low-z star forming galaxies (SF gal), low-z ULIRGs, and z∼ 2 submillimeter galaxies (SMG, many of them are lensed). At right, the ratio between these two luminosities (L' CO being converted to M mol ) shows in more detail an almost constant proportionality factor. The conversion factor used is M mol = 6.5 L' CO [K km/s pc 2 ]. Image reproduced with permission from Scoville et al (2016) , copyright by AAS. Fig. 3 Scaling relations of µgas=M molgas /M * with redshift (left), and depletion time t dep = M molgas /SFR (right), for the binned data sets (large symbols) and the individual data points (colored distributions), from Tacconi et al (2018) . All available data from NOEMA and ALMA have been taken into account, with zero point corrections. Image reproduced with permission from Tacconi et al (2018) , copyright by AAS.
advantage to be completely unbiased by other wavelengths, with the hope to detect brand new objects, obscured in the optical and UV. Both are now described in turn.
Pointed surveys
Optical/IR surveys have shown that the cosmic star formation density had a peak at about z=2, and then has dropped by a factor ∼ 20 (e.g. Madau and Dickinson, 2014) . It was also discovered that, although luminous and ultraluminous infrared galaxies (ULIRGs) tend to dominate more and more the star formation as z approaches 1 (Le Floc'h et al, 2005) , the starburst mode is not the dominant star forming mode at z∼ 2, but contributes only by 10%. The confusion arose at the start because local ULIRGs are all starbursts, due to galaxy interactions and mergers (e.g. Sanders and Mirabel, 1996) . Starbursts can be defined as transient states, with an elevated star formation rate (SFR) which cannot be sustained during the "normal" time-scale to consume the gas content of a galaxy, which is 2 Gyr (Bigiel et al, 2008) . This time-scale is also called the depletion time t dep . When the redshift increases, the average SFR increases, and LIRGs or ULIRGs do not require anymore the starburst mode for their interpretation. It is then possible to define a Main Sequence (MS) of "normal" star formation (Whitaker et al, 2012 (Whitaker et al, , 2014 Speagle et al, 2014) . The specific SFR, divided by the stellar mass, i.e. sSFR=SFR/M * increases strongly with redshift, in (1+z) 3 up to z∼ 2, and decreases only slightly with mass, as M −0.1,−0.4 * (Lilly et al, 2013) . About 90% of the star formation in the Universe occurs on the main sequence, essentially in exponential galaxy disks (e.g. Wuyts et al, 2011) .
The evolution of galaxies along the main sequence (MS), and the evolution of the main sequence itself with redshift, have been the object of many models, implying both gas accretion to re-fuel galaxies after the depletion times of the order of a few Gyr, and the moderation of star formation due to the feedback. Some propose a quasi-stationary state Lilly et al, 2013) , and others a violent evolution across the MS, passing through a starburst phase or a quiescent one, via violent instabilities and compaction (Dekel et al, 2009; Tacchella et al, 2016) .
It is crucial to investigate through the abundance of the molecular component for galaxies on the MS, as a function of redshift, what are the main processes regulating the star formation, and galaxy evolution. A large number of surveys have been carried out, for instance the PHIBSS survey with NOEMA, or the COSMOS with ALMA from dust emission, which demonstrate a large increase of the molecular gas fraction with redshift Scoville et al, 2014 Scoville et al, , 2016 , but also a slight decrease of the depletion time, i.e. an increase of star formation efficiency.
In these surveys, two different tracers for the interstellar gas have been used: the most direct one, the CO lines, depending on the CO-to-H 2 conversion factor, and the dust emission in the Rayleigh-Jeans domain, which traces both atomic and molecular gas, but depends also on metallicity, and on the assumed dust temperature, albeit in a linear way Schinnerer et al, 2016) . The proportionality factor between dust emission and gas mass is established from nearby galaxies and the Milky Way (through the Planck satellite data), but several parameters may vary, as the slope of the dust opac-ity with frequency, the metallicity and dust abundance, or the nature of dust. In the literature, it was found that the gas masses derived at high redshift from the dust emission are somewhat larger than that from the CO lines, at least by a factor 2. Part of the explanation could be that dust emission traces both atomic and molecular gas. Although it is very difficult to have direct estimation of the HI gas at high z, the best estimation comes from the Lyα absorbers along the line of sight towards remote quasars (e.g. Prochaska et al, 2005) , and it appears that the cosmic density of HI gas is roughly constant. Given that the molecular gas strongly increases with z, it is assumed that it will dominate as soon as z> 0.5 (e.g. Lagos et al, 2012) .
From a compilation of all literature data on molecular gas at high z, around the main sequence and slightly above, scaling relations have now been derived for about 1400 objects (Genzel et al, 2015; Tacconi et al, 2018) . The main results are a quantification of the increase of gas fraction with z, and decrease of depletion time, as shown in Fig. 3 . These scaling relations take into account all the various parameters (distance from the MS, defined as δMS = sSFR/sSFR(MS,z,M * ), redshift, stellar mass), exploiting the fact that the dependence of gas fraction and depletion time (or SFE, the Star Formation Efficiency= 1/t dep ) on these parameters is uncorrelated to some extent, i.e. the variables are separable.
The variation of the depletion time with δMS is clear, at a given z and M * , t dep is decreasing for galaxies above the MS in the starburst phase, and increasing below in the quenching phase. The main results found by all surveys and analysis is that the gas content in galaxies (i.e. the gas to stellar mass ratio) increases significantly with z, as ∼ (1+z) 2 , but still lower than the SFR on the MS, which is increasing as ∼ (1+z) 3 up to z=3-4 (Scoville et al, 2017; Tacconi et al, 2018) . In addition, the star formation efficiency (SFE) is increasing with z, i.e. the depletion time varies as (1+z) −0.6 to (1+z) −1 . There is no dependency of SFE with stellar mass, on the main sequence. The gas fraction, or the gas-to-stellar mass ratio decreases with stellar mass. This explains also the variation of the slope of the MS with stellar mass: if the SFR is almost linear with M * for small masses, it then saturates and the slope is lower than 1. Since high mass galaxies have a more massive bulge, and bulges do not participate to star formation, it is tempting to subtract the bulge mass, to check the SFR variation of disk only. Abramson et al (2014) performed the bulge-disk decomposition for large samples of low-z galaxies in the Sloan survey, and indeed, the MS slope is almost vanishing (and vanishes completely in some samples). The sSFR of disks only is quasi independent of their stellar mass. The remaining dependency could be related to the central bulge concentration (Pan et al, 2016) .
All these results are supporting models where galaxy evolution and star formation are mainly driven by external gas accretion. Several interpretations have been elaborated (Berta et al, 2013; Scoville et al, 2017) . It is possible to trace the evolution of galaxies, their star formation rate and gas content, assuming continuity, neglecting in a first step the contribution of starbursts (5-10%), and the quenched galaxies, which must be of very high mass, and in Fig. 4 Left: Evolution of galaxies on the main sequence (MS), assuming they evolve continuously on the MS. The full lines show the MS relations at 5 different redshifts (colours) from the observed consensus compiled by Speagle et al (2014) . The dash lines show the time evolution of 1, 5, and 10×10 10 M galaxies in between two redshifts. They evolve downward and rightward with time, at a rate 0.7 SFR, taking into account 30% of stellar mass loss. Right: The gas (blue) and stellar mass (green and red) cosmic densities versus redshift for galaxies in the range M * = 10 10 to 10 12 M . These computations have used the observed scaling relations between gas mass and the 3 parameters (z, δMS, M * ), and the stellar mass functions from Ilbert et al (2013) . Images reproduced with permission from Scoville et al (2017) , copyright by AAS.
dense environments (Peng et al, 2010) . To maintain the evolution of the MS, it is necessary that galaxies are continuously accreting gas, to refuel their SFR, given their low depletion time-scales, lower than 1Gyr. This refueling can be mostly due to cold gas accretion (Dekel et al, 2013) , but also may include minor mergers. The major mergers are considered to be exceptional events, making galaxies to exit the MS from above for a transient period. Using the empirically determined relations between gas content and SFE with redshift, stellar mass and offset from MS, and assuming dM * /dt =0.7 SFR (30% of the gas is returned to the interstellar medium through stellar mass loss), it is possible to trace the evolution of individual galaxies on the MS diagram (cf Figure 4) . The set of equations can be closed, and the net accretion rates can be derived as a function of z and the main parameters. For the average considered mass, the accretion rate increases as ∼ (1+z) 3.5 , which may explain the high SFR in early galaxies, and is justified by the high gas density in the early universe.
Adopting these simplifying hypotheses, and summing over the stellar mass function (e.g. Ilbert et al, 2013) , the equations can yield the evolution of the cosmic density of the total gas in galaxies (H 2 +HI, traced by dust emission, result given in Figure 4 ).
Lensed galaxies allow to explore a lower mass regime (M * <2.5 10 10 M ), with lower SFR (< 40 M /yr) . It is now possible to see the star formation efficiency decrease with stellar mass. This low mass regime reveals the same increase of gas fraction and SFE with redshift. With both CO lines and dust continuum emission, it is possible to see large variations of the dust-to-gas ratio among the various types of star forming galaxies, even at a given metallicity.
Observations of some gas-rich galaxies below the MS suggests that quenching does not require the total removal or depletion of molecular gas, as many quenching models propose (Suess et al, 2017) . Spilker et al (2018) detected with ALMA the CO line in 4 out of 8 z∼0.7 passive galaxies 3-10 times below the MS. Their gas fraction is below 10%, small enough that the depletion time is rather short. The gas rotation axis is aligned on the stellar one, implying no recent gas accretion. Even though the samples are still not enough to draw firm conclusions, it appears that the quenching towards forming massive red and dead galaxies is rather slow, and due to the cessation of gas accretion.
One of the very successful surveys of ALMA in its first cycle (16 antenna) was to search for CO lines in the high-z (z >1) sample of dusty continuum sources, assembled over 1300 square degrees by the South Pole Telescope (SPT). The survey benefitted from the negative K-correction, and therefore all redshifts were expected with minimum bias. Most of the highest flux sources are lensed. Out of 26 sources, ALMA detected 23 in one CO line (among them 12 with multiple lines, so that the redshift is clearly determined). In the continuum at 870µm, with spatial resolutions 0.5 -1.5", only one minute integration per source was sufficient to reveal the arc and ring morphology of the lensed background objects, as displayed in Figure 5 . Star formation rates larger than 500 M /yr imply that the sources are ULIRGs . The spectroscopic survey in Band 3 more than doubled the known redshifts at this epoch, and had a median redshift of z=3.5. The fraction of dusty and Fig. 6 The cumulative redshift distribution of luminous, dusty starburst galaxies: the SPT galaxies, with ALMA determined redshifts, are shown in black. The blue sample objects have redshifts determined from rest-frame ultraviolet spectroscopy. The orange sample galaxies in the COSMOS survey have only photometric redshifts from optical/IR. ALMA detected a large fraction of high-z dusty starburst galaxies, and previous surveys were biased to lower redshift than the underlying population. Image reproduced with permission from Vieira et al (2013) , copyright by Springer.
luminous starbursts at high z appears higher than previously thought (see Figure 6 ).
ALMA deep fields
In the UV/optical/IR domains, considerable knowledge on galaxy evolution has come from the study of blank fields, integrating deeply in selected regions of the sky minimizing foregrounds, with the HST (HDF, UDF, XDF, Illingworth et al (2013)), and also with a multitude of instruments at all wavelengths, from the X-ray (Chandra/XMM), to the far-infrared (Spitzer, Herschel) and radio (VLA). From the 11 HST filters, it has been possible to obtain nearly 10 000 photometric redshifts (e.g. Rafelski et al, 2015) . Follow-up from the ground has obtained also spectroscopic redshifts, namely with the VLT (Le Fèvre et al, 2004; Bacon et al, 2017) , although the latter spectro-z still amount to less than 2% of the total. These surveys have allowed precious knowledge on galaxy properties (sizes, stellar masses, star formation rates), and their evolution with redshift (e.g. Madau and Dickinson, 2014) . However, to understand galaxy evolution, the fuel of star formation, the molecular gas, has to be observed. Also optical surveys are biased against the most obscured and dusty star forming galaxies, and sub-mm surveys are needed. Already pointed observations have shown that indeed dusty starbursts exist up to z=6 , and surveys with Herschel (Elbaz et al, 2011) , or SCUBA-2 (Coppin et al, 2015) have used priors to tackle blending, and stacking to explore just below the sensitivity limit of their instruments. Fig. 7 Left: the UV absolute magnitude of all galaxies in the HUDF, as a function of redshift, with the ALMA 1.3mm detections in red. Right: when stellar masses are considered, now the ALMA detections are at the top, meaning that they are indeed the most obscured in UV. The bright blue box emphasizes the ALMA detection of 80% of the most massive galaxies (M * > 2 10 10 M ) at z>2. Below z=1, the detection rate of massive galaxies drops, which indicates possible quenching. The grey-blue box gathers the galaxies which have been stacked and lead to an ALMA global detection. The absence of very massive galaxies above z=3 is clearly visible. Image reproduced with permission from Dunlop et al (2017) .
With ALMA gaining a large factor in sensitivity and spatial resolution, deep surveys are now eagerly expected. The first survey of the Subaru-XMM (SXDF) deep field (1.5 arcmin 2 with ALMA) reported by Tadaki et al (2015) has observed in 1.1mm continuum, with a sensitivity of σ = 55µJy/beam. They targetted 12 Hα-selected star-forming galaxies (SFG) at z=2-2.5, but detected only 3 of them. The frequency corresponds to 300-400µm in the rest-frame, so that dust emission should be easy to detect. It also corresponds to 100µm, the peak of dust emission, for z=10, and objects with the same mass should be even more easy to detect with the K-correction, so that their absence indicates a drop in the luminosity function with z. One of the objects detected is very compact (R e = 0.7 kpc), with a high gas fraction of 44%. In the same ALMA field Hatsukade et al (2016) conclude from the possibly detected 23 sources above 0.2mJy that the source count is typical, and comparable to all previous ALMA serendipitous detections. Dunlop et al (2017) reports about the 4.5 arcmin 2 ALMA survey of the HUDF at 1.3mm at σ = 30µJy sensitivity. The extraction of reliable sources in continuum is difficult. About 50 sources are first found above 3.5σ, but around 30 are also found in negative, i.e. below -3.5σ. Therefore most of the 50 sources must be spurious. Comparing with other data, 16 detections are then secured, through counterparts with HST, infrared and/or radio-cm, 13 of them having a spectroscopic redshift in the optical. The average redshift is z=2.15 and only one source has z > 3. The lack of high-redshift detections confirms the rapid drop-off of high-mass galaxies in the field, above z=3. Figure 7 shows clearly that the ALMA detections are among the most UV-obscured objects in the HUDF.
Aravena et al (2016) have carried out a deeper 1.2mm ALMA survey of the HUDF in a restricted region of 1 arcmin 2 , with σ = 13µJy sensitivity. They detect 9 sources at 3.5σ with average z=1.6, and only one source above z=2, which is significantly lower than the shallower survey of Dunlop et al (2017) . The detections correspond to 55% of the extragalactic background light (EBL) at 1.2mm measured by the Planck satellite; when stacking all the sources optically known in this region, it is possible to recover 80% of this EBL.
In addition to this continuum survey of 1 arcmin 2 of the HUDF, the same team carried out an ALMA spectroscopic survey (ASPECS, CO and [CII] lines) in two frequency bands at 3mm and 1mm, covering the frequency ranges 84-115 GHz, and 212-272 GHz . A blind search for lines have found 10 candidates in the 3mm band and 11 at 1mm. The identification of the sources is then done searching for optical/NIR counterparts, with a known redshift. This occurs in 9 out of the 21 candidates. In one or two cases, other CO lines at higher J are also detected in the same survey, and confirm the identification. Most of the times, the lack of other lines suggest that the redshift of the object is large and/or the upper level J of the CO line is large. In addition, stacking has been done for all sources with known redshifts for the first 4 CO lines, but with no detection (Decarli et al, 2016b) . Molecular masses were derived for each of the identified sources, and found compatible with previous results for main sequence galaxies, with a large scatter (Decarli et al, 2016a) . All results and constraints on the derived cosmic H 2 density are gathered in Figure 8 .
From the ASPECS survey, it is now possible to estimate the expected signal from CO lines during an intensity mapping experiment. Based on individual detections only, Carilli et al (2016) estimate the mean surface brightness to 0.94 µK at 3mm and 0.55µK at 1.3mm, these values being lower limits to take into account all the possible lines below detection.
Individual galaxies at high redshift
Besides the large surveys with statistical value to explore galaxy evolution with redshift, the discovery of special cases, pointed observations of high-z quasars, and the study of over-densities, have provided a wealth of information.
Starburst and quasar associations
Objects already known as SMG with single dish continuum detectors were easily detected with ALMA, like this association of three LBG at z=5.3 studied by Riechers et al (2014) . From the lines of [CII] and OH detected, an SFR surface density of 530 M /yr/kpc 2 was derived, implying a disk approaching the Eddington limit for radiation pressure on dust (??). Since OH is slightly blue-shifted with respect to [CII] , this might indicate a molecular outflow due Fig. 8 Comoving mass density of molecular gas in galaxies ρ(H 2 ) as a function of redshift. The ALMA spectroscopic survey (ASPECS) constraints are plotted in pink boxes, with vertical sizes corresponding to the uncertainties. The blue boxes represent the IRAM interferometer constraints . The predictions of semi-analytical models are superposed as a yellow line (Obreschkow et al, 2009 ), a blue line (Lagos et al, 2012) and a green line (Popping et al, 2014) . The compilation of literature data on MS galaxies is the grey area . The circle symbol at z=0 is from Keres et al (2003) , and the losange from Boselli et al (2014) . Keating et al (2016) have computed an upper limit (orange triangle) from CO intensity mapping at z∼3. The global behaviour of the H 2 cosmic density is very similar to the star formation density, with a peak around z=2. Image reproduced with permission from Decarli et al (2016b) , copyright by AAS.
to SN feedback. Swinbank et al (2014) have made a survey with ALMA in the Extended Chandra Deep Field South (ECDFS) of 99 SMG, and found that they are all ULIRGs with SFR ∼ 300 M /yr and dust temperature of 32K. The contribution of these SMG to the cosmic star formation is about 20% over z=1-4.
High redshift starbursts can be detected serendipitously, like the bright z = 5.24 lensed submillimeter galaxy in the field of Abell 773 , as part of the Herschel Lensing Survey (HLS, Egami et al (2010) ). This project surveyed a series of nearby galaxy clusters at z∼0.1-0.5 playing the role of gravitational telescopes, amplifying background galaxies. These were selected by their very red SPIRE colours, implying a high redshift. Follow-up at millimeter wavelengths allows to discover the spectroscopic redshift, with the help of at least two detected lines. In this case several CO lines up to CO(7-6), CI, H 2 O and the [NII]205µm lines were discovered, and allowed to constrain the variations of fundamental constants (Levshakov et al, 2012) . With ALMA, spectroscopic redshifts are obtained routinely.
An hyperluminous quasar at z=4.4 selected from WISE-SDSS was detected with ALMA by Bischetti et al (2018) in dust continuum and [CII] line. It is at the center of a proto-cluster, merging with two close companions. The quasar is actively forming stars with SFR ∼ 100 M /yr, and the host galaxy will increase its stellar mass more rapidly than its black hole mass, which is observed 2 orders of magnitude too massive, with respect to local relations. Venemans et al (2017) have detected several CO lines, CI and [CII] in z∼ 7 quasars, and shown that these lines have excitation compatible with photodissociation regions, but not X-ray dominated regions. The properties of the molecular gas and dust in these quasars are dominated by an important star-formation activity, confirming that intense starbursts are co-existing with AGN activities.
5.2 Lensed high-z galaxies, high spatial resolution and GMC studies ALMA can have very high spatial resolution in its extended configuration, up to 15-20 milli-arcsec (mas). A remarkable object was observed to demonstrate these capabilities, with baselines up to 15km: SDP.81 (ALMA Partnership et al, 2015) . This gravitationally lensed galaxy at z=3.042 was discovered by the Herschel survey H-ATLAS Negrello et al, 2010) . Its redshift was determined through CO lines; the lensing galaxy is at z = 0.299, and the amplification factor is µ = 11 (Bussmann et al, 2013) . With a beam of 25mas at 1mm (180pc at z=3.042), the ALMA continuum map reveals the two gravitational arcs with unprecedented sharpness. Figure 9 shows a tapered version of the maps in continuum, CO and H 2 O lines; the images have been tapered to lower resolution to gain more signal to noise. The two arcs are part of an Einstein ring, of radius 1.5". The foreground lensing galaxy is invisible on these images, except for a weak continuum source at the center of the ring, which has a spectral index consistent with synchrotron emission. The lensing galaxy is a massive elliptical (3.6 10 11 M inside the Einstein ring of 1.5"= 6.7 kpc, at z=0.299, and no AGN is detected optically. But the 1.4 GHz flux is compatible with the mm spectral index, and corresponds to an AGN radio core. The continuum from the arcs comes from dust emission in the high-z star forming galaxy, with an SFR = 527 M /yr. The three CO lines detected (from J=5, 8 and 10) show regions in the galaxy of different excitation, implying a complex structure. The H 2 O emission comes from a thermal line, which ratio with the CO lines is rather weak, may be due to differential lensing. The wealth of details acquired in ∼30h of telescope time in early science with only 22 to 36 antennae is quite impressive.
Given the enhanced spatial resolution due to lensing, it is possible to explore the resolved Kennicutt-Schmidt relation (KS) in these high-z galaxies. The surface densities of the molecular gas and star formation rate have been compared in different regions of SDP.81 (z∼3) (Sharda et al, 2018) . There is much more SFR than predicted from the linear KS relation, and the authors propose another relation between gas and SFR, taking into account the freefall time of the clouds. Since the observed turbulence in the cloud is much higher than for local galaxies, based on the observed high gas velocity dispersion, a model of multifreefall based on turbulence (Salim et al, 2015) is in better agreement with observations. Note that another attempt to derive the resolved KS relation for distant galaxies, even without any lensing, has given results compatible with the linear KS relation (Freundlich et al, 2013) .
ALMA is now able to detect normal galaxies at z∼ 7 (e.g. Maiolino et al, 2015) . With the [CII] line and continuum dust emission, the detection of Lyman break galaxies have been successful, implying SFR of 5-15 M /yr. A spatial offset of the order of 4 kpc has been observed between the [CII] emission and the Lyα line and far UV, suggesting that stellar feedback rapidly destroys/disperses the molecular clouds. ? have detected dust and [CII] emissions in a Lyman break galaxy at z=6.1; they show that galaxies can form from the accretion of small companions and gas both located in a filamentary structure.
Black hole mass estimation at high-z
A large number of quasars have been detected now at z∼ 6 in molecules, and their CO/[CII] kinematics can be used to derive the central dynamical mass. From their broad lines detected in optical, and a widely known relation between Broad Line Region (BLR) luminosity and radius calibrated from reverberation mapping (e.g. Bentz et al, 2013) , it is possible to compare the black hole mass (M BH ), and the host dynamical mass. The high-z quasars appear all with a much higher black-hole mass than expected from their dynamical mass and the local M-σ relation Venemans et al, 2016) . This surprising result could come from the large uncertainties of the mass estimation. It is not possible to distinguish bulge and disk, so the M BH is compared to the total host dynamical mass, but this is precisely conservative. The inclination of the rotating molecular disk is not well known, and the result is valid only statistically. The M BH estimation has also a fudge factor for inclination. In most systems, it is assumed that the [CII] or CO lines are centered on the systemic velocity, and can be reliably used to derive the dynamical mass of the central stellar bulge. However, the optical MgII broad emission lines are systematically blue-shifted. The average blue-shift is of ∼ 500 km/s, but can be found up to 1700 km/s. This is interpreted as an outflow due to the central AGN, given that the symmetrical red-shifted region behind is too obscured to be seen.
Even if the dynamical mass is not well estimated, it is possible to have a lower limit for it with the mass of the gas, estimated from both the lines and the dust emission. In these high-z systems, the gas fraction is often larger than 50%, and the dynamical mass cannot be more underestimated than by a factor 2. The derived black hole masses are then robustly 3-4 higher than expected from the local relation (see Figure 10 ).
Ly-alpha blobs and proto-clusters
Protoclusters are overdensities in the early universe, where the growth of structures and their accompanying black holes are accelerated. They are not yet virialised into clusters, but are precious to understand why black holes might start growing very quickly, and AGN feedback might shape the first galaxies. Narrowband imaging at rest-frame Ly-α have revealed accumulation of Ly-α emitters (LAE), but also extended (>30 kpc) Ly-α emission (often termed Lyman-Alpha Blobs, LAB) (e.g. Steidel et al, 2000; Matsuda et al, 2004) . In these protoclusters, X-ray observations have revealed a significantly higher (by Fig. 10 Black hole mass versus the dynamical mass of z∼6 quasar host galaxies and the bulge mass of local galaxies. The black diamonds are values obtained for local galaxies (Kormendy and Ho, 2013) . Their M BH -M bulge relation is represented by the solid line and the shaded area. The large and colored symbols are the high-z quasars. The green stars are the z>6.5 quasars from Venemans et al (2016) . For a given bulge mass, the high-redshift quasars have a more massive black hole than local galaxies. From the quasar luminosity (linked to its accretion rate), and from the observed star formation rate, it is possible to extrapolate the trajectory of the points (arrows) during the next 50 Myr. Image reproduced with permission from Venemans et al (2016) , copyright by AAS. a factor ∼ 5) fraction of AGN (e.g. Lehmer et al, 2009) , suggesting a longer duty-cycle for black hole accretion in galaxies of rich environments. Alexander et al (2016) observed with ALMA such AGN in proto-clusters and obtained a high detection rate, implying SFRs of 200-400 M /yr, somewhat enhanced with respect to the field. This enhanced star formation may explain the extended Ly-α emission of the LAB, given a reasonable escape fraction for the continuum ionizing photons.
Proto-clusters can also be the site of a colder gas phase, which is extended as a circumgalactic medium (CGM) around the main galaxies. A striking example is the Spiderweb, a conglomerate of merging galaxies at z=2.2 (Emonts et al, 2016) . Several CO lines and CI were observed with ALMA and ATCA, showing an extended network of clumps and filaments, with gas excitation (Emonts et al, 2018) . The blue contours are from [CI] 3 P 1 -3 P 0 emission, and the red contours from the 36 GHz radio continuum, both overlaid on the HST image. Right: Overlay of CO(4-3) contours on the HST F160W image of the Candels-5001 proto-cluster at z=3.47 (Ginolfi et al, 2017) . The red bar is the HST PSF, at 0.34µm in the rest frame. Images reproduced with permission from Emonts et al (2018) and Ginolfi et al (2017). similar to that of the Milky Way (see Figure 11 ). The gas is metal enriched and dense, and most of it must have been recycled in galaxies coming from tidal and ram-pressure stripping, and/or AGN and star formation feedback in the central region of the proto-cluster (Emonts et al, 2018) .
Molecular gas structures elongated on scales of ∼ 40 kpc are not rare in high-z proto-clusters, and a molecular mass of 2-6 10 11 M has been detected in CO(4-3) and dust emission, with clumping and relatively high metallicity, at z=3.5 (Ginolfi et al, 2017) . The extended structure is compatible with a tidal/ram pressure origin, but could also be fueled by some cold gas accretion (see Figure 11 ).
Epoch of reionization
Stark (2016) has reviewed our knowledge of early galaxies, in the first billion years after the Big-Bang. For z>6, ALMA yields a good opportunity to detect the dust emission, provided that they are dusty enough. The peak of dust emission is indeed shifted towards λ > 0.7mm. For high-z objects, it becomes difficult to obtain spectroscopic redshifts optically, especially when obscured by dust. ALMA can then help to identify the objects, thanks to the [CII] line at 158µm, redshifted to λ > 1.1mm. Models of the ISM had predicted that the main coolant would be through this [CII] line, however the observations reserved some surprises. The photoelectric heating efficiency of the dust, measured by the ratio L [CII] /L F IR , varies by about 2 orders of magnitude, and is decreasing at high L F IR , for strong starbursts. The main factor reducing this efficiency has been shown to be the dust temperature, and the strong UV field (Malhotra et al, 2017) : indeed, the L [CII] /L F IR ratio is very well anticorrelated to the dust temperature, whatever the redshift. Figure 12 gathers a large fraction of the [CII] studies so far, and shows that the [CII]/FIR ratio is higher at high redshift, although still declining with L F IR . The high-z quasars detected reveal a wide range of properties, sometimes behaving like starbursts, while sometimes the quasar excitation may prevail (e.g. Venemans et al, 2016) .
Many searches have been made with ALMA, with some surprising failures, indicating that galaxies are really "primordial", with low metallicity (Z<0.1) and little dust. The typical Lyα emitter Himiko was not detected in the continuum, nor in the [CII] line (Ouchi et al, 2013) . Several other upper limits confirmed that most LBG between z=6 and 8 are very difficult to detect, even with gravitational lensing (e.g. Schaerer et al, 2015) . With more observations, Himiko is now detected in the [CII] line, but not in dust emission , revealing a dust deficiency.
Evidence also exists of early galaxies, with their ISM extended over kpc sizes, but weak or undetected in dust emission, while revealing strong [CII] line emission (Capak et al, 2015) . These show some similarity to low-metallicity dwarfs in the local Universe, like the LMC, which have a very high L [CII] /L F IR ratio. However, these high-z objects are much more massive, which implies on the contrary a rapid evolution in the ISM dust properties over redshift, due to metal deficiency. Selecting their objects with a relatively lower Lyα equivalent widths, indicating the presence of dust, at a given UV luminosity, Willott et al (2015) reports dust emission and [CII] line detections at z∼6. The velocity redshift of the Lyα with respect to the [CII] line is very prominent at high-z, due to increased intergalactic gas (IGM) absorption of the blue wing of Lyα. The expected enhancement of IGM absorption in the EoR, is not always there , implying patchy reionization.
At high-z, galaxies are clumpy, and sometimes the [CII] line and even the [OIII] line at 88µm are spatially offset from the Lyα or UV clumps Matthee et al, 2017) . These offsets may be explained by obscuration, different excitation or metallicity of the different tracers. Alternatively, strong feedback could have removed a large fraction of gas and dust, or several parts of the systems are interacting while assembling, as suggested by theoretical models (Katz et al, 2017) .
Some of the highest redshifts found in the EoR with ALMA are the z=8.38 gravitationally lensed galaxy selected from deep HST imaging in the Frontier Field cluster Abell 2744 (Laporte et al, 2017) , or the Lyman Break galaxy at z=8.31 behind the Frontier Field cluster MACS J0416.1-2403 . Dust emission and the [OIII] line have been detected, raising the problem of forming such dust amounts ∼ 600 Myr after the Big Bang. This would imply that each SN-II explosion has been able to produce 0.5 M of dust, during the SFR=15-20 M /yr star forming phase, since z=10-12.
The highest redshift is MACS1149-JD1 at z=9.11, a lensed galaxy detected in the [OIII] line. No redshift was known from the optical before, and the [OIII] line was used to measure the redshift. The colors of its stellar population show that star formation began at z=15 in this galaxy .
Contrary to many ALMA surveys, finding a drop in their source number at high redshift, Strandet et al (2016) find a redshift distribution much Fig. 12 The [CII] to FIR luminosity ratio versus the FIR luminosity. The low-redshift galaxies are plotted as black circles, from Malhotra et al (2001) , Luhman (2013) , and Díaz-Santos et al (2013) . Various ULIRGs at high redshift (z=1 to 6) detections from the literature are in green circles, and the Hello sources (z=1-3) amplified by lenses are in blue circles (Malhotra et al, 2017) . The red circles are the high-z SPT sources from Gullberg et al (2015) , corrected for their amplification factor. Quasars at z>4 are plotted as magenta stars (Venemans et al, 2012 (Venemans et al, , 2016 . At high z, the [C II]/FIR ratio still declines with FIR luminosity, but takes higher values than at z=0. more weighted towards the high-z, because of a low-frequency selection. Dusty sources were selected from the South Pole Telescope (SPT) survey, from their 1.4mm continuum flux; eliminating the synchrotron sources, by requiring 1.4mm flux being twice higher than the 2mm flux.
Although most of high-z star forming objects selected optically have low dust content, exceptional objects exist, like HFLS3, at z=6.34, with SFR=2900 M /yr, a gas mass of 10 11 M , including 2 10 11 M of atomic gas, and a depletion time of 36 Myr . These must be located in proto-clusters, and are the progenitors of massive ellipticals in clusters today.
Summary
ALMA has been working now for about 7 years since its commissioning in 2011, and has accumulated a wealth of data, which have yet to be digested and interpreted. In many domains, ALMA has provided impressive breakthroughs, with unprecedented sensitivity and spatial resolution.
One of the main goals in galaxy evolution is to determine the molecular gas properties of galaxies as a function of redshift, to better understand the cosmic star formation history. This has been done through pointed observations, with large sample of objects selected from their stellar mass and SFR, being on the main sequence of star forming galaxies, where are born 90% of the stars in the Universe. Two main factors have been emphasized: the gas fraction increases steadily on the main sequence, as (1+z) 2 , and this is the main reason of the peak in the SFRD at z∼ 2. At a lower level, the star formation efficiency is also increasing with redshift, as (1+z) α , with α=0.6-1, (or the depletion time is decreasing, as (1+z) −α ), although the cause of this has not be clearly identified: either due to smaller and denser galaxies, with a shorter dynamical time, or due to a larger importance of galaxy interactions. Although some galaxy molecular maps have been done, and resolved Kennicutt-Schmidt relation explored, this is only the beginning, and the influence of morphology, kinematics and dynamics of galaxies is not yet understood.
In parallel, deep blind surveys, completely unbiased by previous wavelengths, have been carried out focussed either on the dust continuum, or the CO lines, with shallow or deeper approaches, according to the surface covered. The hope was to detect dusty galaxies at very high redshift, not suspected by other surveys. Eventually, dusty and massive galaxies are not as frequent as previously hoped at z larger than 5, which confirms the high-z drop in optical surveys. ALMA is now opening clearly the windows of the epoch of re-ionization, and it is likely that the main actors to reionize the Universe will turn out to be a large number of small and dwarf galaxies, while the major starbursts and quasars have a minor influence.
ALMA surveys have begun to unveil the cosmic evolution of the H 2 content, but this is only the beginning, with huge error-bars, not allowing to disentangle the various theoretical models, as shown in Figure 8 . In the future, this cosmic evolution will be compared with the star formation history, and also with the atomic gas content, to have a more precise budget of gas and star formation at all epochs.
There remain a large number of unsolved issues, like the symbiotic evolution of black hole and bulges in galaxies, which appear to be divergent at high redshift, the importance of AGN feedback in the early universe, the influence of environment in proto-clusters. The detection of important quantities of cold and dense gas in the circumgalactic medium at early times might give some clues in the missing baryon problem.
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